OBJECTIVES: In-stent restenosis (ISR) remains a major complication of percutaneous coronary intervention, even in the current era of drug-eluting stents (DESs). We reviewed the clinical and angiographic outcomes of coronary endarterectomy with stent removal using an off-pump technique in patients with ISR in the left anterior descending artery (LAD).
INTRODUCTION
The use of intracoronary stents has been widely expanded with the recent advances in percutaneous coronary intervention (PCI). After the introduction of drug-eluting stents (DESs) to the clinical settings, multiple stenting has been applied for the treatment of diffuse coronary artery lesions [1, 2] . However, in-stent restenosis (ISR) remains a major complication after PCI, even in the current era of DESs [3] . Although the optimal treatment for ISR remains controversial, coronary artery bypass grafting (CABG) provides better outcomes in patients with ISR [4] . However, long-segment ISR frequently prevents cardiac surgeons from performing a simple anastomosis to the stented arteries. Moreover, when the side branches (septal perforators and diagonal branches) of the left anterior descending artery (LAD) are involved in and affected by long-segment ISR, conventional bypass grafting distal to the restenosed stents cannot achieve complete myocardial revascularization. For these cases, we have performed coronary endarterectomy and stent removal with favourable outcomes [5] .
Currently, off-pump CABG has become the preferred technique, especially in high-risk patients [6] . In recent years, several reports have described the efficacy of coronary endarterectomy combined with off-pump CABG in patients with diffusely diseased coronary arteries [7, 8] . However, few reports have described off-pump coronary endarterectomy with stent removal in patients with longsegment ISR in the LAD. Owing to the recent progress in surgical techniques and perioperative management, we currently perform coronary endarterectomy with an off-pump technique in patients with diffuse coronary artery disease whenever possible [9] , even in patients with long-segment ISR requiring stent removal. In this article, we retrospectively review the early and mid-term outcomes of coronary endarterectomy with stent removal using an off-pump technique in patients with long-segment ISR in the LAD.
undergone PCI using intracoronary stents by interventionists. The indications for coronary endarterectomy with stent removal have been previously described [5] . In our institution, we perform coronary endarterectomy with stent removal when conventional bypass grafting to the distal portion of the restenosed stent is not feasible due to long-segment stenting with diffuse atheromatous lesions and when the myocardium supplied by side branches (septal perforators and diagonal branches) affected by the longsegment ISR can be relieved by this procedure. According to these indications, we performed coronary endarterectomy with stent removal for 12 patients with long-segment ISR in the LAD. The patients' preoperative characteristics are summarized in Table 1 . Their mean age was 65.0 ± 6.3 years, and 11 were male. Their preoperative Canadian Cardiovascular Society (CCS) functional classes were as follows: Class I (n = 2), Class II (n = 6), Class III (n = 4), Class IV (n = 0). Their mean preoperative ejection fraction (EF) measured using transthoracic echocardiography was 57.9 ± 13.1%. The interval from the latest PCI ranged from 4 to 102 months (median, 12 months) and the median number of previous PCIs for the target vessel was 2 (range, [1] [2] [3] [4] [5] [6] . The median number of implanted stents was 3 (range, 1-7): DESs were used in 10 patients and bare-metal stents (BMSs) were used in 2 patients. This study was approved by the institutional review board of Sakakibara Heart Institute, and a waiver of informed consent was obtained from each patient.
Surgical procedures
Our detailed operative technique of off-pump CABG has been previously published [10] . After median sternotomy, all arterial grafts were harvested in a skeletonized fashion with an ultrasonic scalpel (Harmonic Scalpel; Ethicon Endo-Surgery, Inc., Blue Ash, OH, USA). The bilateral internal thoracic arteries were taken down after olprinone solution (5 mg/15 ml) had been injected into the distal end. Following pericardotomy and systemic heparinization, the other target vessels were bypassed in the usual manner before endarterectomy of the stented LAD. Coronary arteriotomy was then started from the distal end of the restenosed stents and extended proximally and distally. After the adventitia of the stented artery was dissected and incised, the restenosed stents with the atheromatous lesion was carefully removed. The proximal end of the endarterectomy was distal to the most proximal lesion to avoid competitive flow through the native coronary artery. The distal incision was extended to the non-diseased portion. The distal end of the atheromatous core with the stents was sharply divided at the intact intima, and the divided intima was tacked with 8-0 polypropylene sutures to prevent flap formation. Onlay patch grafting using the left internal thoracic artery (LITA) was performed to reconstruct the endarterectomized LAD ( Fig. 1) . Upon completion of all anastomoses, we used the SPY imaging system (Novadaq Technologies, Inc., Toronto, Canada) and a transit-time flowmeter to confirm the graft patency.
Postoperative anticoagulation treatment was performed in all patients using the following protocol. After the chest tube output had settled, continuous intravenous infusion of low-molecularweight heparin (5000 units/day) was initiated and continued until warfarin was effective. Low-dose aspirin (100 mg/day), clopidogrel (75 mg/day) and warfarin (maintained with a target international normalized ratio of 2.0) were started after the initiation of oral intake. Warfarin and clopidogrel were discontinued 3 months and 1 year after surgery, respectively, but aspirin was continued indefinitely.
Follow-up
The patients' medical records were retrospectively reviewed. The patients' symptoms were evaluated at the end of the follow-up period according to the CCS functional classifications. To evaluate the patency of the endarterectomized vessels and all bypass grafts, early postoperative angiography was performed in all 12 patients before discharge and follow-up angiography was performed in 11 patients. All patients provided their informed consent. 
RESULTS
The intraoperative and postoperative data are summarized in Table 2 . All operations were completed with an off-pump technique; no patient required on-pump conversion. The target vessel of stent removal was the LAD; the LITA was used for reconstruction of the endarterectomized LAD in all patients. The mean length of the arteriotomy was 5.3 ± 1.0 cm. The right internal thoracic artery was used as a second graft in all patients, the radial artery was used in 1 patient and the saphenous vein graft was used in 10 patients. The mean number of distal anastomoses per patient was 3.8 ± 1.1. There were no postoperative in-hospital deaths, perioperative strokes or perioperative myocardial infarctions [defined as a positive result for new Q waves in an electrocardiogram or a peak creatine kinase-MB level of ≥5 times the upper limit of normal (25 IU/l)]. The mean level of peak creatine kinasemyocardial band was 32.3 ± 19.5 IU/l. Postoperative atrial fibrillation occurred in 4 patients. The mean length of postoperative stay was 12 ± 2 days. Early postoperative angiography performed at a median of 1 day (range, 1-14 days) demonstrated that all bypass grafts and endarterectomized vessels were patent. The mean postoperative EF was 55.9 ± 9.2%, and it was not significantly different from the preoperative EF (P = 0.256).
The median follow-up duration was 24 months (range, 12-78 months). No late deaths occurred during the follow-up period, and all patients had a CCS class of 0 or I at the end of the followup. One patient underwent follow-up angiography at 4 months postoperatively because of chest discomfort on effort. The angiography revealed that the right internal thoracic artery graft anastomosed to the first diagonal branch was occluded; however, the LITA anastomosed to the endarterectomized LAD was perfectly patent. The patient underwent PCI using a DES to the first diagonal branch. In the 10 asymptomatic patients, follow-up postoperative angiography was performed at a median of 13 months postoperatively (range, 11-14 months). Follow-up angiography demonstrated that the LITA, LAD and all other grafts were patent in all 10 patients. Angiographic findings of an example in this series are shown in Fig. 2 . Follow-up echocardiography was performed in 9 patients, and the median time of follow-up echocardiography was 23 months (range, 3-69 months) after surgery. In these 9 patients, the mean EF on follow-up echocardiography was 55.7 ± 13.4%, and it was not significantly different from the preoperative (P = 0.704) and postoperative EF (P = 0.628).
DISCUSSION
The intracoronary stent is an effective interventional device to prevent the recoil phenomenon after balloon angioplasty. Moreover, the clinical application of DESs has reduced the incidence of ISR, which has been 'the Achilles' tendon' of PCI [11] . In recent years, multiple overlapping DESs (so-called full metal jacket) have been increasingly used for the treatment of diffusely diseased coronary arteries [1, 2] . However, ISR remains a major complication after PCI even in the current era of DESs, and occurs in 3-20% of patients [3] . Repeat coronary intervention is the most commonly used technique for the treatment of ISR, but the recurrence rate is very high and long-term outcomes are unsatisfactory, especially in patients with diffuse ISR [12] . Although CABG reportedly has better outcomes than interventional methods in patients with ISR [4] , the target vessel is sometimes ungraftable because multiple stents are implanted in long lesions. Additionally, when long-segment ISR in the LAD involves the side branches (diagonal branches and septal perforators), simple anastomosis to the distal portion of the occluded stents cannot relieve the myocardium supplied by these side branches. Coronary endarterectomy combined with stent removal can be an effective surgical option in these cases [5] .
Coronary endarterectomy was first introduced in 1957 by Bailey et al. [13] . Because it was associated with increased operative mortality and morbidity rates, many surgeons were initially reluctant to perform this procedure. However, recent advances in surgical techniques and perioperative management have led to reports of improved surgical outcomes for coronary endarterectomy [14] . Favourable outcomes of coronary endarterectomy without the use of cardiopulmonary bypass were recently reported [7, 8] . The advantage of coronary endarterectomy with off-pump CABG is that the adverse effects of cardiopulmonary bypass and a long cross-clamp time can be avoided. Moreover, coronary endarterectomy (with or without stent removal) has been performed in our institution using an off-pump technique whenever feasible, and all operations in this series were performed safely without on-pump conversion.
In this series, we removed the restenosed DESs in 10 (83.3%) of 12 patients (sirolimus-eluting stent in 5 patients, everolimus-eluting stent in 2, paclitaxel-eluting stent in 1, biolimus-eluting stent in 1 and zotarolimus-eluting stent in 1). Sirolimus-and paclitaxel-eluting stents reportedly induce an inflammatory response in the coronary artery [15, 16] . In our experience, it was more difficult to remove the atheromatous core with restenosed DESs than with restenosed BMSs, probably because of the inflammatory change in the LAD.
The most disastrous complication after endarterectomy of a stented coronary artery is acute thrombosis in the endarterectomized vessel [17] . Thrombus formation occurs when the lack of endothelium causes exposure of the subendothelial tissue to the blood stream, triggering the coagulation cascade. We use dual antiplatelet therapy (aspirin and clopidogrel) with intravenous infusion of low-molecularweight heparin followed by oral administration of warfarin to prevent thrombus formation in the reconstructed LAD. Fortunately, postoperative angiography revealed good patency of the reconstructed LAD in all patients, and there were no haemorrhagic complications requiring interventions such as re-exploration for bleeding.
When performing coronary endarterectomy, care should be taken to avoid removing the most proximal stenotic lesion to prevent flow competition. Yilmazkaya et al. [18] reported that followup angiography showed a string sign of the LITA in 2 of 4 patients who underwent coronary endarterectomy for a stented LAD; this probably occurred due to graft competition. In the present series, no string sign or occlusion was seen in all 11 patients who underwent follow-up angiography.
Our study has several limitations. Firstly, the number of patients was small. Secondly, this was a retrospective observational study and there was no control. The lack of a control group treated with PCI or medical treatment precluded determination of the superiority of this procedure over other treatment methods. Moreover, we do not routinely perform late graft assessment unless the patient has any symptoms. Therefore, our results in the present study do not mean that all reconstructed LADs are patent late after surgery.
In conclusion, coronary endarterectomy and stent removal with an off-pump technique can be performed safely and provides favourable clinical and angiographic outcomes in patients with long-segment ISR in the LAD.
